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ABSTRACT 

This r e p o r t  descr ibes  a research e f f o r t  concerning the  e l e c t r o n i c  
processes i n  i r r a d i a t e d  poly(ethy1ene t e reph tha la t e ) ,  PET, and two model 
compounds. The r a d i c a l  concentrat ion i n  PET is shown t o  b u i l d  up 
continuously as t h e  y-dose o r  W l i g h t  exposure is  increased. Three 
d i f f e r e n t  r a d i c a l s  are i d e n t i f i e d  by ESR spec t r a .  

The relative concentrat ion of each r a d i c a l  depends upon the  degree 
The o p t i c a l  absorpt ion near  3100 1 and of c r y s t a l l i n i t y  of t h e  sample. 

t he  electrical conductivity of i r r a d i a t e d  samples are t i e d  d i r e c t l y  t o  
t h e  r a d i c a l  concentration. This i s  demonstrated by observing t h e  rate 
of buildup of each e f f e c t  and the  k i n e t i c s  of r a d i c a l  decay and conduc- 
t i v i t y  decay a t  var ious temperatures. 
a l s o  shown t o  be s i m i l a r  f o r  r a d i c a l  concentration, o p t i c a l  absorption, 
and e lectr ical  conductivity.  

The quenching e f f e c t  of oxygen is  

Carrier m o b i l i t i e s  are measured f o r  PET and molecular c r y s t a l s  of 
dimethylterephthalate and dibenzoate ester of e thylene g lycol .  
mobil i ty  of t h e  molecular c r y s t a l s  is observed t o  decrease s i g n i f i c a n t l y  
a f t e r  exposure t o  y-rays. Bulk and su r face  p o l a r i z a t i o n  e f f e c t s  are 
observed t o  play a dominant r o l e  i n  t r a n s i e n t  e l e c t r o n i c  behavior. 

The 
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ELECTRONIC PROCESSES I N  IRRADIATED 

By L. K. Monteith, D. T. 
* 

and L. F. Bal lard 

ORGANIC SOLIDS 
** 

Turner, 

SECTION I 

INTRODUCTION 

The unique p rope r t i e s  of organic polymers and o ther  d i e l e c t r i c  
materials have found many uses  i n  t h e  environment of ou te r  space. 
ever, the  e f f e c t s  of r ad ia t ion  on these  materials have been d i f f i c u l t  
t o  analyze i n  t h e  key area of chemical and physical  changes which a f f e c t  
e l ec t ron ic  propert ies .  
e f f o r t  t o  determine t h e  e f f e c t s  of gamma and u l t r a -v io l e t  r a d i a t i o n  on 
t h e  e l ec t ron ic  proper t ies  of poly(ethy1ene t e reph tha la t e ) ,  PET, and i t s  
r e l a t e d  model compounds. 
of f r e e  r a d i c a l s  and t h e i r  r e l a t i o n  t o  t h e  e l e c t r i c a l  conductivity.  As 
a r e l a t e d  e f f o r t ,  t he  charge s torage  and breakdown c h a r a c t e r i s t i c s  of 
some s i l i c o n  oxides i n  a r a d i a t i o n  environment w e r e  s tudied.  

How- 

Toward t h i s  end we  have d i r ec t ed  a research 

P a r t i c u l a r  emphasis has been upon t h e  formation 

* Now a t  North Carolina S t a t e  University,  Raleigh, N. C. 

** Now a t  Drexel I n s t i t u t e ,  Phi ladelphia ,  Pennsylvania. 



IATION INDUCED RADICAL FO 

2 . 1  Absorption of Light by Free Radicals 

Preliminary experiments with PET l e d  to  the bel ief  that free radicals 
were absorbing l ight .  A search of the l iterature reve 

d i n  p o ~ y @ ~ ~ y l e ~ ~  by 
ongly [ R e f .  la ] .  Th 
properties of a po lper  

ce e n ~ i r o ~ e n  
8 .  The quest 
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(Fig. 2 ) .  
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0 

thin films (500 A) cast from trifluoroacetic acid were encouraging but 
the specially designed quartz cell was broken before definitive results 
could be obtained. 

Discussion. - Irradiation of PET, either with y-rays or ultra-violet 
light, in the absence of air results in a general increase in abso 
at wavelengths > 3100 A (Figs. 1 to 3). 
excluded during irradiation the absorbance decreased on subsequent post- 
irradiation access of air. It is known that irradiation results in 
radical trapping and that the radicals are destroyed by access to oxygen. 
Therefore, the obvious explanation of these observations is that the 
radicals have a high extinction coefficient. 

18 estimate from the data in Fig. 1 (along with ESR data giving ca 10 
radicals/g) gives a value for the molar extinction coefficient of 3500 

-1 mole-'liter em 
for trapped radicals in polyethylene. More precise estimates at better 
defined wavelengths might be obtained using more transparent thin films 
but as mentioned previously this was attempted but not realized experi- 
mentally. 

0 

In the cases where oxygen was 

An order of magnitude 

(3300-3800 &; this is similar to the value reported 

The observation that trapped radicals absorb a significant amount of 
light is of interest in two respects. 
reasonable explanation of post-irradiation changes in absorbance which 
were on record in the literature in connection with the possible use of 
PET as a dosimeter suitable for high doses of radiation. 
suggests that attention be given to the possibility that the properties 
of PET might change with time due to accumulation of radicals. Within 
the framework of the present contract this possibility was explored in 
relation to measurements of photoconductivity. 

2.2 Post Irradiation Free Radical Reactions 

First, it could seem to provide a 

Second, it 

The rate at which free radicals disappear during the post irradiation 
heating of a polymer depends on their distribution and movement. Eventu- 
ally, after disappearance of closely spaced radicals, the remaining 
population may be sufficiently random for the subsequent decay to conform 
to simple second-order kinetics. 
about the process which permits polymer radicals to come together over an 
average distance as great as 100 A as would be necessary for decay in a 
sample containing 10l8 radicals/cm3. 
polymethylmethacryXate 
dence of their experimentaa value of 28 Kcal/mole to the activation energy of 
the second order radical decay with a value of 27 f10 Kcal/mole obtained 
from NMR m nts. Tb ncluded that both Drocesses were due to motions 
of segment polymer cules [Ref. lb]. Notwithstanding, it seemed 
surprising that the decay occurred in the temperature range of 28 to 55OC which 
is considerably below the glass transition t 

This poses an interesting question 

Q 

In the case of an amorphous sample of 
(T =104OC), Olmishi and Nitta pointed to the correspon- 

erature of about 70°C for PET. 
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This type of d i f f i c u l t y  seems so  extreme i n  the  case of s i m i l a r  s t ud ie s  of 
a p a r t i a l l y  c r y s t a l l i n e  sample of nylon-6 t h a t  Bal len t ine  and Sh 
invoked t h e  idea  t h a t  r a d i c a l  sites can move along and between p 
chains by a sequence of hydrogen atom s h i f t s ,  i.e., by r e p e t i t i o  
chemical reac t ions  of t h e  kind RH + R ' *  + R *  + R'H [Ref. 21. E 
t h i s  idea  of r a d i c a l  s i t e  migration had been introduced by Dole, Keeling, 
and Rose t o  account f o r  c e r t a i n  f ea tu res  of t he  i r r a d i a t i o n  chemistry of 
polyethylene [Ref. 31 and recent ly  a good case has been made by Gehmer 
and Wagner [Ref. 41 t h a t  such a process could account quan t i t a t ive ly  f o r  
t h e  magnitude of t h e  second order  rate constant  reported by Charlesby, 
Libby, and Ormerod f o r  t h e  post-radiat ion decay of a l k y l  r ad ica l s  i n  
polyethylene [Ref. 51. On the  o ther  hand, Auerbach has presented de ta i l ed  
evidence t h a t  t h e  rate of decay of a lky l  r a d i c a l s  i n  polyethylene c o r r e l a t e s  
c lose ly  with t h e  temperature range i n  which t h e  polymer i s  known t o  change 
from a glassy t o  a v i s c o e l a s t i c  material and concluded t h a t  t h e  process 
i s  cont ro l led  by normal d i f fus ion  [Ref. 61. 
la t ter  p i c t u r e  i s  t h a t  i t  seems t o  account f o r  t h e  whole r a d i c a l  popula- 
t i o n  by reference t o  t h e  amorphous content which composes only about 20% 
of the  polymer. 

A Puzzling f ea tu re  of t h i s  

A t  present ,  it does not seem t o  be poss ib le  t o  decide between physical  
and chemical processes of r a d i c a l  movement i n  polymers. 
approach t o  thepoblem is t o  document r a d i c a l  decay processes f u r t h e r  and 
t o  urge t h e i r  continued considerat ion alongside t h e  development of o ther  
d iverse  methods of assessing movement i n  polymers. Eventually, it should 
then be poss ib le  t o  judge more c r i t i c a l l y  any cases i n  which physical 
movement appears  t o  be inadequate. I n  t h i s  fu r the r  documentation, i t  seems 
judic ious  t o  make a c l e a r  d i s t i n c t i o n  between processes i n  amorphous and 
c r y s t a l l i n e  regions.  The following are some experiments i n  t h i s  d i r e c t i o n  
with PET. 

One long range 

Experimental. - The samples were b iax ia l ly  or ien ted  f i lm  of thickness  
0.0025 cm (Mylar C: DuPont) of about 50% c r y s t a l l i n i t y ,  an amorphous 
precursor of thickness  0.03 cm and a polycrys ta l l ine  sample of about 70% 
c r y s t a l l i n i t y  obtained by heating the  amorphous sample f o r  48 hours a t  
235-240°C i n  a vacuum and cooling slowly [Ref .  81. 
was estimated from x-ray def rac t ion  data. 

The c r y s t a l l i n e  content 

Samples were thoroughly degassed and sealed i n  Supras i l  quartz  tubes 

a t  a pressure less than 10 Torr. Shee t le t s  from t h e  or ien ted  f i lm  were 
packed i n  s t acks  of about 30 t o  a t o t a l  weight of about 0.5 grams. (For 
o ther  d e t a i l s  see reference 9.) After  i r r a d i a t i o n  with Cobalt-60 y-rays a t  a 
dose rate of 0.3 t o  0.5 Mrad per  hour the  quartz  w a s  annealed a t  a l t e r n a t e  
ends i n  a flame and f i r s t  and second der iva t ives  of t he  absorption curve 
recorded a t  room temperature with a Varian V4502-10 spectrometer. 
number of f r e e  r ad ica l s  i n  t h e  sample w a s  estimated by double in t eg ra t ion  of 
t he  f i r s t  der iva t ive  spectrum and comparison with a - a' - diphenyl - 8 - 
picrylhydrazyl o r ,  r e l a t i v e l y ,  by reference t o  a peak height .  The la t ter  
method w a s  espec ia l ly  convenient i n  following t h e  disappearance of r a d i c a l s  

-4 

The 

immersion of t he  Supras i l  tubes i n  a s i l i c o n e  o i l  bath 
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maintained constant within 20.005"C. 
similar estimates up to doses of about 80 Mrads but differed somewhat 
in peak height at higher doses (o,b) and double integration values (4) 
for the Same samples in Fig. 4. 

The two methods gave closely 

Accumulation of Radicals. - A s  in the case of oriented films of PET, 
both amorphous and polycrystalline samples gave a featureless ESR spectrum 
when examined at -196°C following irradiation at this temperature. Upon 
warming to room temperature the number of spins decreased by about 1 order 
of magnitude, presumably due to the l o s s  of charged species by recombina- 
tion. 
comprise superimposed sets of six and eight lines which could be assigned 
to different orientations of radical I. 
sample was poorly resolved but obviously quite different. 
assigned tentatively to radical 11. In addition, both samples include a 
central singlet spectral component which has not been assigned [Ref. 91. 

The residual signal from the polycrystalline samples was found to 

The signal from the amorphous 
It has been 

Qco - 0 - CH 0 - cH2 - 0 - C O G  
U 

I 

- co 

I1 

co - 

I 

Despite the qualitative differences mentioned above, the total concentra- 
tions of radicals trapped in amorphous and polycrystalline samples of PET at 
room temperature, following irradiation at -196OC, were closely similar as 
may be seen by comparison of the squares and triangles to the circles in 
Fig. 4 .  When comparisons were made following irradiation at room temperature, 
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it was found that after higher doses fewer radicals had accumulated in 
the amorphous sample presumably because it is a less efficient trapping 
medium, c.f., the square symbols in Fig. 4 .  On the other hand, after low 

the crystalline r 
uld be noted that this effect would appear smal 
the claim that in the case of polyethylene rad 
re efficiently in glassy than in crystalline regions 

[Ref, 101. 

amor 
the Suprasil tube, the radicals disappear and the singlet component 
increases relative to the signal assigned to radical I 
of disappearance was followed by measurement of the pe 
first derivative spectrum. The data were obtained with samples which had 
been given the following doses at room temperature 60": (300 Mrad); 65", 
70°, 75O, and 77" (40 Mrad); 8OoC (225 Mrad); Fig. 5. As comparisons are 
being made with samples given varying doses it should be pointed out that 
this variable was found to be unimportant in these studies. 
ience of presentation, all these results have been normalized to the same 
initial concentration of radicals. 

The overall rate 
height of the 

For conven- 

Following an initially more rapid rate, the disappearance of radicals 
settles down to a linear relationship between the reciprocal of the concen- 
tration of radicals and time, i.e., in conformity with a second order rate 
reaction as required by Eq. (2.1) in which [R] and [R I are, respectively, 
radical concentrations at times t and zero (Fig. 6). Values of the rate 

0 

constant k, obtained from the slopes in Fig. 6, have been plotted as a 
function of temperature according to the conventional Arrhenius equation, 
k = A exp (-E/RT), in Fig. 7. If the data aretaken to define two lines, 
as shown in Fig. 7, these intersect at a point corresponding to a tempera- 
ture of 72°C and give activation energies, E, of 112 and roughly, 25 Kcal/ 
mole. As the glass transition temperature, T of amorphous PET is about 

70" [Ref. U] and as large increases of activation energy for various 
8' 

in transversing T 

decay of free radicals through T 

for both low and high 
g' 

findings appear reasonable [Ref. 121. 

ethacrylate but, apparently, the results 

has been 
g 

ergies were not 

The movement of se ule tances of about 
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2 O  10 
decay above t h e  g l a s s  t r a n s i t i o n  temperature. Below T it i s  more 

d i f f i c u l t  t o  envisage such l a r g e  scale movement but ,  never the less ,  
evidence which suggests  t h a t  t h i s  i s  poss ib l e  has r ecen t ly  appeared f o r  a 
number of polymers. I n  t h e  case of amorphous PET, Yeh and G e i l  [Ref. 141 
have shown by e l ec t ron  microscopy that s m a l l  b a l l  l i k e  s t r u c t u r e s ,  of 

diameter 45-100 A,  are present  i n  t h e  g lassy  s o l i d  and, s i g n i f i c a n t l y ,  
t h a t  a f t e r  6 days a t  6OoC (5OC below T ) t hese  had rearranged i n t o  larger 

sphe r i ca l  aggregates  of about 5 t o  10 b a l l s  i n  diameter. 

Yeh and G e i l ,  a 75 A sphere would correspond t o  a s i n g l e  molecule with a 
molecular weight of about 100,000 and the re fo re ,  by comparison with t h e  
osmotic molecular weight of 15,000, is  'expected t o  comprise a small number 
of molecules. This suggests  t h a t  i t  would be reasonable t o  adduce from 
these  macroscopic movements evidence f o r  l a r g e  scale movements on a 
molecular scale which could account f o r  t h e  present  r e s u l t s .  It is  t o  be 
hoped t h a t  f u r t h e r  work w i l l  permit more q u a n t i t a t i v e  comparisons between 
t h e  two methods. 

A i s  r e a d i l y  acceptab le  as a p l a u s i b l e  mechanism of polymer r a d i c a l  

g 

0 

g 
A s  pointed out  by 

0 

Decay of Radicals i n  C r y s t a l l i n e  Samples. - The decay of r a d i c a l s  i n  
po lyc rys t a l l i ne  samples w a s  s tud ied  by following t h e  decrease i n  height  
of t he  c e n t r a l  peak of t h e  f i r s t  d e r i v a t i v e  spectrum with t i m e  of heat ing.  
A t  100°C about 40% of the  r a d i c a l s  survived a f t e r  1 0  hours and these  
decayed only s l i g h t l y  on f u r t h e r  heat ing.  A t  12OoC about 30% of t h e  
r a d i c a l s  were long-lived (Fig. 8) .  The decay d id  not  conform t o  s i m p l e  
k i n e t i c s .  

I n  c o n t r a s t  t o  t h e  above f ind ings ,  a simple f i r s t  order  decay of 
r a d i c a l  I w a s  observed i n  s p e c i a l l y  t r e a t e d  samples of o r i en ted  crystal1in.e  
polymer. 
t i m e  of heat ing held f o r  t h e  decay of about 80% of t h e  r a d i c a l s  a t  100°C 

and f o r  95% a t  12OOC; t h e  respec t ive  rate cons tan ts  w e r e  1 . 0 ~ 1 0  sec and 

2 . 7 ~ 1 0 - ~  sec These simple r e s u l t s  were obtained only 
a t  t he  price of what, hopeful ly ,  may prove t o  be an unnecessarily complicated 
sequence of operat ions which were as follows: 

A linear dependence of t h e  logarithm of r a d i c a l  concentrat ion on 

-4 -1 

-1 
as shown in  Fig. 9, 

1) 
following y - i r r ad ia t ion  i n  a vacuum. 
and resea led  i n  a vacuum. The r a t i o n a l i z a t i o n  of t h i s  process is  t h a t  
access  of oxygen des t roys  f r e e  r a d i c a l s  i n  amorphous regions leav ing  a 
population predominantly of r a d i c a l  I along with r a d i c a l  I1 and t h e  spec ies  
giving t h e  unassigned s i n g l e t  i n  t h e  c r y s t a l l i t e s  (c . f .  r e f .  9) .  

Oriented f i lms  of PET were b r i e f l y  exposed t o  a i r ,  f o r  about 5 minutes, 
The f i lms  were then thoroughly degassed 

2) 
one hour. 

The sample w a s  heated a t  16OOC u n t i l  r a d i c a l  I had decayed, a f t e r  about 

3) 
weeks during which t i m e  r a d i c a l  I1 w a s  replaced by r a d i c a l  I by a photo- 
chemical r eac t ion  [Ref. 151. 

The sample w a s  exposed t o  labora tory  f luorescent  l i g h t i n g  f o r  s eve ra l  

14 
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The population of radical I generated in the above way gave the usual 
well resolved ESR spectrum, 6 or 8 lines 
magnetic field [Ref. 91. The decay was followed by reference to the 
heights of outer peaks which have the advantage of being clearly separated 
from central components of the spectrum. Similar Its 
by reference to peaks 1 and 2 of both six and eight line 
During this decay the central portion of the spectrum did not change 
significantly and it is concluded that radical I disappears largely by 
bimolecular reactions rather than by conversion into other radical species. 

tation in the 

ref 9). 

In order to account for first order kinetics it is suggested that the 
rate determining step is the movement of a radical site to the surface of 
a crystallite. At the surface, the radical is supposed to react rapidly 
with similarly situated radicals in other crystallites which are moving 
freely in an amorphous matrix 3OoC,  or more above T . 
dimension of a crystallite in PET is 100-200 A [Refs. 16,  171 and the 
question remains of how radicals could move over such distances in a 
crystalline medium. Reference to the high melting point of the polymer, 
about 255"C, suggests that long range segmental displacements are unlikely 
to be important at temperatures as low as 110OC. 
it would appear reasonable to adopt the hypothesis of the migration of 
free radical sites by hydrogen atom hopping [Refs. 2, 3, 41. Moreover, 
consideration of atomic arrangement in crystalline PET would suggest that 
such hopping would follow prescribed routes along isolated stacks of 
-CH 
radicals within the crystallites. 

The smallest 
0 g 

In these circumstances, 

CH2- groups which would tend to minimize bimolecular reactions of 2- 
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SECTION I11 

POST IRRADIATION ELECTRICAL PROPE 

3.1 Post I r r a d i a t i o n  Conductivity of Poly(ethy1ene te rephtha la te )  

Conductivity of Poly(ethy1ene te rephtha la te ) .  - It is  w e l l  known 
t h a t  exposure of a polymer t o  ion iz ing  r ad ia t ion  may r e s u l t  i n  an increase  
i n  electrical. conduct ivi ty  even a f t e r  removal of the  sample from a r ad ia t ion  
f i e l d  [Ref. 181. The usual  explanation of t h i s  pos t - i r rad ia t ion  conduct ivi ty  
is tha t  i t  is due t o  t h e  release of p o s i t i v e  and negat ive charges which are 
trapped during i r r a d i a t i o n .  
and Frankevich is  t h a t  charge carriers are generated i n  pos t - i r rad ia t ion  
reac t ions  of f r e e  r ad ica l s  [Ref. 191. Experimental evidence f o r  t h i s  
unusual suggestion was adduced from s t u d i e s  of a sample of a pa ra f f in ,  
mpt-52-55OC, which had been i r r a d i a t e d  i n  t h e  s o l i d  state under n i t rogen  
with high energy e l ec t rons ;  a co r re l a t ion  w a s  reported between r a d i c a l  
decay, followed by monitoring the  e l ec t ron  sp in  resonance s i g n a l  of t he  
r a d i c a l  -CH2-CH-CH2-, and a peak i n  conduct ivi ty  as t h e  sample was warmed. 

Further s tud ie s  of t h i s  kind would be des i r ab le  t o  check more c lose ly  
whether charge carriers can be generated by t h e  r eac t ion  of f r e e  rad ica ls .  
Ver i f ica t ion  requi res  pos t - i r rad ia t ion  conductivity da t a  f o r  polyethylene 
te rephtha la te  f o r  comparison with previously documented da ta  on t h e  k i n e t i c s  
of f r e e  r a d i c a l  disappearance. 

An a l t e r n a t i v e  suggestion made by Tal ' rose 

Experimental. - Sheets of completely amorphous (10 mils)  and p a r t i a l l y  
c r y s t a l l i n e  samples of b i a x i a l l y  or ien ted  ( 1  mil)  PET were provided with 

aluminum (830 A)or s i l v e r  (300 A) e lec t rodes  by vacuum evaporation. Samples 
were thoroughly degassed and exposed i n  ni t rogen t o  Co-60 y-rays, 

Q 0 

The e f f e c t  of an applied b i a s  during i r r a d i a t i o n  was inves t iga ted  
and a i r  was subs t i t u t ed  f o r  ni t rogen t o  determine the  e f f e c t s  of oxygen 
i n  the  environment. 
pressure contac ts  aga ins t  t he  evaporated electrodes.  
normally 100 vol t s /mi l .  
measurements is  shown i n  Fig. 10. 

External c i r c u i t r y  w a s  applied t o  t h e  sample through 

The sample holder f o r  i r r a d i a t i o n  and cur ren t  
Bias conditions were 

Feed- 
'throughs 

Figure 10. SAMPLE HOLDER FORy-IRRADIATION MEASUREMENTS. 
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Figure 11 shows the experimental r e s u l t s  f o r  a 1 m i l  sample. Between 
4 and 20 Mrads t h e  conduct ivi ty  is seen t o  inc rease  l i n e a r l y  with dose. 
This can b e  compared t o  t h e  accumulation of f r e e  r a d i c a l s  i n  Fig. 4. A 

d i r e c t  r e l a t ionsh ip  a t  t h i s  point  would give 8 x amperes f o r  about 

5 x 1017 r a d i c a l s  pe r  gram. 
per f r e e  r a d i c a l  giving an energy level f o r  t h e  r a d i c a l  s i t e  of 0.55 e V  
below t h e  conduction level  o r  above the valence level  i f  one assumes a 

mobil i ty  of 10  cm v sec . Since a band model is  n o t  expected t o  be 
v a l i d  f o r  such a low mobil i ty ,  t h i s  is  a rough approximation. 

-12 This corresponds t o  5 x 10  charge carriers 

-3 2 -1 -1 

Similar  r e s u l t s  are shown f o r  10 m i l  samples i n  Fig. 12. Up t o  about 
35 Mrads t h e  response may have been damped by the  presence of some r e s i d u a l  
oxygen o r  o the r  contaminant i n  t h e  system. 
ni t rogen a t  t h i s  point  followed by a cont inuat ion of t h e  i r r a d i a t i o n .  The 
sample which w a s  i r r a d i a t e d  without a b i a s  exhibi ted a much more rapid 
inc rease  i n  conductivity.  
some type of trapped charge accumulation. I n  order  t o  cha rac t e r i ze  t h i s  
e f f e c t ,  decay curves of conductivity w e r e  obtained under various conditions.  
The procedure consis ted of terminating t h e  i r r a d i a t i o n ,  moving t h e  sample t o  
an adjacent room, applying a vol tage and monitoring t h e  cu r ren t  passing 
through t h e  sample. A t i m e  delay of 1 t o  30 minutes occurred between termina- 
t i o n  of i r r a d i a t i o n  and applying the  sampling vol tage.  
t h e  following graphs corresponds t o  t h e  t i m e  of vol tage appl icat ion.  

Both samples were purged wi th  

This behavior would i n d i c a t e  p o l a r i z a t i o n  o r  

The t i m e  o r i g i n  of 

The cu r ren t  decay of a 10 m i l  PET sample on which vo l t age  w a s  applied 
during i r r a d i a t i o n  i s  shown i n  Fig. 13 f o r  2 d i f f e r e n t  dose levels. After  
t h e  f i r s t  two minutes the  decay follows f i r s t  order  k i n e t i c s  with a decay 

constant of 2 . 6 ~ 1 0  sec . 
which no vol tage w a s  applied.  The s lope  i s  s t eepe r  f o r  t h i s  sample indi-  
ca t ing  t h a t  t h e  decay of t h i s  add i t iona l  component is vo l t age  dependent. 

-4 -1 Figure 1 4  is a similar p l o t  f o r  a sample on 

Conductivity buildup w a s  reduced by 3 o r  4 orders  of magnitude i n  t h e  
presence of oxygen. 
m i l  PET i r r a d i a t e d  i n  air. The e a r l y  p a r t  of t hese  curves appears t o  be 
t h e  normal po la r i za t ion  response. 
s lope  as t h e  curve of Fig. 14.  
deep i n  the  sample which oxygen has been unable t o  reach. 

Figure 15 shows t h e  post  i r r a d i a t i o n  current  i n  10  

Near t h e  end it  has about t h e  same 
This may be t h e  r e s u l t  of f r e e  r a d i c a l s  

Similar  r e s u l t s  w e r e  obtained f o r  a 1 m i l  PET sample. 
decay i s  followed f o r  100 minutes where it appeared t o  s t a b i l i z e  o r  a t  
least decay wi th  a much longer t i m e  constant.  
t r a c t e d  ou t ,  t he  r e s u l t i n g  curve has a constant s lope  wi th in  experimental 
e r r o r .  This lat ter curve is p l o t t e d  using t h e  r i g h t  hand scale. A t  
t h i s  point  i n  t i m e  t h e  above sample w a s  s tud ied  f u r t h e r  i n  t h e  manner 
described f o r  t h e  experiments i n  t h e  following sect ion.  

I n  Fig. 16 t h e  

With t h i s  component sub- 
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Dose = 76.0 Mrad 

Dose = 58.0 Mrad 

TIME, MINUTES 

Figure 13. FIRST ORDER CURRENT DECAY OF 10 MIL PET IRRADIATED IN N2. 

1000 volts applied during irradiation, applied voltage 
during current measurements = 1000 volts 
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3.2 Charge Release and Conductivity Decay Kine t ics  of I r r a d i a t e d  PET 

For these  experiments a sample holder  was used which was similar t o  t h a t  
described i n  Sec. 3.1. For t h e  var ious per iods of i r r a d i a t i o n  the  cur ren t  w a s  
monitored i n  each sample as the temperature was increased a t  a constant 

dT rate. The rate is  indica ted  by . The r e s u l t  of t h i s  experiment 

w a s  dependent upon the  amount of dose received, but  t h e  background cur ren t  
observed w a s  o f t en  the  dominating f ac to r .  

Figure 1 7  shows t h e  r e s u l t s  f o r  t h e  l m i l  sample which w a s  allowed 
t o  decay earlier a t  room temperature. 
a t  115'C. Of a l l  samples observed i n  t h i s  manner, a peak o r  anomaly i n  
t h e  cur ren t  w a s  observed between l l O ° C  and 130"C. Samples of 10  m i l  PET 
i r r a d i a t e d  a t  a r e l a t i v e l y  low dose l e v e l  are a l s o  shown. 
t h a t  samples i r r a d i a t e d  a t  higher l e v e l s  might have shown a peak similar 
t o  t h a t  seen i n  t h e  1 m i l  sample. A lower vol tage  may a l s o  br ing  out 
t h e  peak. A s  demonstrated with sample P-6288, several days annealing 
a t  8OoC appears t o  remove the  peak. For comparison, an uni r rad ia ted  
sample is  shown i n  Fig. 18. 
s m a l l  but  i t  does i n d i c a t e  the  c h a r a c t e r i s t i c  peak. 

A peak i n  t h e  cur ren t  w a s  observed 

It is expected 

The cur ren t  observed without b i a s  is very 

Since the  decay c h a r a c t e r i s t i c s  of f r e e  r ad ica l s  had been obtained 
earlier, t h i s  seemed t o  o f f e r  a technique of co r re l a t ing  t h e  f r e e  r a d i c a l  
concentration t o  the  conductivity of PET and possibly v e r i f y  o r  deny t h e  
r e l a t i o n  suggested by Talrose and Frankevich. To obta in  t h i s  information 
a sample of 10 m i l  PET with a l a r g e  post  i r r a d i a t i o n  conduct ivi ty  w a s  held 
a t  73.5'C,and the  cu r ren t  monitored f o r  over 500 minutes. The second order  
k ine t i c s  of t he  cur ren t  decay are shown i n  Fig. 19. The sample temperature 
w a s  then r a i sed  t o  77.0'C and the cur ren t  monitored f o r  another 500 minutes and 
p lo t t ed  i n  Fig. 20. 
For comparison these 2 values of t he  decay constant  were placed on an 
Arrhenius p l o t  i n  Fig. 21 as w a s  done f o r  t h e  ESR f r e e  r a d i c a l  decay data .  

The a c t i v a t i o n  energy of 101 Kcal mole-' compares w e l l  with t h e  112 Kcal mole-' 
obtained f o r  t he  f r e e  r a d i c a l  decay constants .  
s i g n i f i c a n t ;  however, more d a t a  should be obtained t o  s u b s t a n t i a t e  t h e  
two poin ts .  Later experiments with samples having a l o w  i r r a d i a t i o n  dose 
w e r e  dominated by background cur ren ts .  
same f igure .  
upper curve but i t  demonstrates t h e  need f o r  observing the  var ious  e l ec t ron ic  
processes under t h e  proper conditions of temperature and r ad ia t ion  h is tory .  

The decay constant  i s  seen t o  increase  considerably. 

This information is  very 

These r e s u l t s  are p lo t t ed  on t h e  
Very l i t t l e  add i t iona l  information can be obtained from t h i s  

Current decay c h a r a c t e r i s t i c s  of t h e  po lyc rys t a l l i ne  samples is  shown 
The t i m e  constant  f o r  a l m i l  sample at  elevated temperatures i n  Fig. 22. 

is  very long a t  each temperature f o r  which decay w a s  observed. 
consis ted of observing t h e  cur ren t  f o r  several hours a t  t h e  lowest temperature 
then r a i s i n g  t h e  temperature t o  t h e  next value. 
temperatures are near  enough t h a t  t h e  decay at  t h e  higher temperature 
is a l t e r e d  by the previous h i s to ry  at t he  lower temperature. 
d i f f e r e n t  r e s u l t  may be obtained i f  t h e  r e s idua l  cur ren t  of each temperature 
were subt rac ted  from t h e  data.  Within experimental 

e r r o r  a f i r s t  order decay is seen wi th  a decay constant  of 2.3 x lom3 min-l. 

The procedure 

It is  poss ib le  t h a t  t h e  

Also a 

This w a s  done a t  123OC. 
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Figure 17. CONDUCTION CURRENT VERSUS TEMPERATURE IN PET UNDER TRANSIENT 

TEMPERATURE CONDITIONS. 
0-  - - 1 mil, dT/dt = 4.2"C/min, 300AO silver electrodes 

- 3.88 cm2, V = 100 volts, Dose = 6.0 Mrad. 
0 -  - - 10 mil, dT/dt = 5.0°C/min, 300A" silver electrodes 

- 3.88 cm2, V = 2000 volts, 
0- - - 10 mil, dT/dt = 2.O0C/min, 830AO aluminum electrodes 

- 3.88 cm2, V = 1000 volts, Dose = 10-20 Wads, 
sample was held near 80°C for several days before 
taking measurement. 

no irradiation. 
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3.3 Trans i t  T i m e  Measurements 

3.3.1 Technique 

Trans i t  t i m e  measurements have been approached from several 
techniques i n  terms of samples used, experimental setup,  and method of 
evaluation. The samples used have been dimethyl terephthalate  (DMT), 
dibenzoate ester of e thylene g lycol  (DEG), and PET. Carrier generation 
has  been i n i t i a t e d  both by X-ray pulse  and xenon f l a s h  lamp. Electrodes 

have included 300 A silver and t i n  oxide on g l a s s ,  and sodium chlor ide  so lu t ions .  

For X-ray pulses  800 A of aluminum as w e l l  as 300 A of s i lver  have been used. 

300 A s i l v e r  w a s  necessary f o r  the  xenon f l a s h  lamp experiments i n  order 
t o  allow transmission through t h e  e lec t rode  of t h e  near u-v photons. 
However, s i l v e r  e lec t rodes  gave evidence of migration and l o s s  of contact .  
The cur ren t  response t o  t h e  exc i t a t ion  pulse  w a s  monitored on an osc i l l o -  
scope and recorded photographically.  
pulses  were used. The f i r s t  technique is a t i m e  of f l i g h t  technique 
where the  t r a n s i t  t i m e  is  t h e  t i m e  between i n i t i a t i o n  and the  peak of 
t he  pulse.  
des i r ab le  when t h e  carrier l i f e t i m e  is s h o r t e r  than the  t r u e  t r a n s i t  t i m e .  
I n  t h i s  technique one uses t h e  height  of t h e  in t eg ra t ed  pulse  as w e l l  
as t h e  i n i t i a l  s lope  of the  pulse  t o  obtain the  t r u e  t r a n s i t  t i m e  and 
t h e  carrier l i f e t ime .  

0 

0 0 

0 

Two techniques i n  analyzing these  

The second technique i s  an in t eg ra t ing  procedure e spec ia l ly  

The experimental arrangement is shown i n  Fig. 23. Photon exc i t a t ion  
i s  accomplished by passing the  l i g h t  pulse through a semitransparent 
e lec t rode  on which a vol tage  i s  applied.  X-ray e x c i t a t i o n  is accomplished 
by a coll imated beam from the  s ide .  
t he  length (L) of the  sample. 
on g l a s s  is  shown i n  Fig. 24. Adjustable clamps were used t o  apply 
pressure t o  t h e  g l a s s  t o  hold the  e lec t rodes  i n  posi t ion.  
t h i s  technique depends upon having f l a t  sur faces  and i n  a l ign ing  the  t i n  
oxide su r face  and the  c r y s t a l  face.  Only t h e  xenon lamp pulse  w a s  used 
with the  t i n  oxide electrodes.  The c i r c u i t r y  f o r  recording t h e  cur ren t  
pulse  i s  shown schematically i n  Fig. 26. 

The sl i t  width is  approximately 1/10 
The arrangement f o r  using t i n  oxide e lec t rodes  

Success of 

The capacitance C is  the  cable  capacitance between the  sample holder  
and the  osci l loscope which monitors Vo. 
pulse  by 

V is  r e l a t e d  t o  the  cur ren t  
0 

dVo vo I = c - + -  d t  R 

For a very s m a l l  value of R one ge t s  a real t i m e  output pulse  

Vo = IR . (3.2) 

For a very l a r g e  value of R one g e t s  an in t eg ra t ed  output 

1 Vo = 5 I I d t .  (3.3) 
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Figure 24. TRANSIT TIME TECHNIQUE U S I N G  Sn02 ELECTRODES. 

When the  c a r r i e r  l i f e t i m e  i s  s h o r t ,  t h e  real t i m e  photocurrent peak does 
not  correspond t o  the  t r u e  carrier t r a n s i t  t i m e .  Movement of t h e  peak 
as the  appl ied  vol tage  varies may be so s l i g h t  as t o  be unobservable. 
When in t eg ra t ed  such a pulse  looks l i k e  the  curve shown i n  Pig. 25. 
Analy t ica l ly ,  t h e  s lope  of t he  output vo l tage  curve a t  t h e  o r i g i n  is 
ext rapola ted  upward u n t i l  i t  intersects the  vol tage  l i n e  corresponding 
t o  t o t a l  c o l l e c t i o n  of t h e  generated charge. This po in t  of i n t e r s e c t i o n ,  
t l ,  is  the  e f f e c t i v e  d r i f t  t i m e .  
v a r i a t i o n  of t he  e f f e c t i v e  d r i f t  t i m e  with vol tage  can be  used t o  ca l -  
c u l a t e  botb the  carrier l i f e t i m e  and t h e  t r u e  t r ans i t  t i m e .  This rela- 
t i o n  is g i v m  by 

S e i t z  [Ref. 201 Bas shown t h a t  t h e  
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t' - t  

Figure  25. OUTPUT VOLTAGE OF INTEGRATING CIRCUIT 
WHEN THE CARRIER LIFETIME I S  SHORT. 

'a 

L e a d  -L Slit 

X-ray 

F igure  2 6 .  EXPERIMENTAL ARRANGEMENT SHOWING PHOTON ANI) X-RAY 
EXCITATION OF CARRIERS AND THE CURRENT MONITORING 
CIRCUIT. 
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where the  t r u e  t r a n s i t  t i m e  is  defined i n  
d r i f t  mobil i ty  11, and the  appl ied vol tage 

L2 
Ttr vva = -  

t e r m s  of t h e  d r i f t  length L, 
v a 

(3 5) 

The above r e l a t ionsh ip  is p lo t t ed  i n  Fig. 27. Wh 

small d i f f e rence  is  observed between t’ and Ttr. HOW 

t ’  remains very near  t h e  val  

t i v i t y  of t h i s  technique is  lowest i n  t h e  req ion  whtm 
what mandatory. 

It is unf or tuna 

3.3.2 Mobili of Dimethylterephthalate (DMT) 
~ * .  _ -  - 

The r e l a t ionsh ip  between DMT and PET i s  apparent i n  t h e  two 
s t r u c t u r a l  formulas: 

0 0  
I I  11 

CH O-C-#J-C-O-CH~ 3- 

1 :  C- @-C-O-CH2-CH2-0 1 
DMT L PET - J n  

The in t eg ra t ing  technique as w e l l  as the  real t i m e  technique was used t o  
measure carrier mob i l i t i e s  along seve ra l  axes. I n  most cases carrier l i f e -  
t i m e s  w e r e  longer than 1 / 2  mil l isecond and consequently t h e  c l a s s i c a l  t r a n s i t  
t i m e  pu lses  as described by Kepler  were observed [Ref. 211. Some t y p i c a l  
pulses  are shown i n  Fig. 28 and Fig. 29. A component of t he  pulse  i n  the  
opposi te  d i r e c t i o n  of t he  applied vol tage  w a s  observed i n  t h i s  sample as w e l l  
as several o ther  samples. 
Electrons may be e j ec t ed  from the  negative e l ec t rode  by ph 
O r  a l t e r n a t i v e l y  the  e lec t rode  may be involved i n  a su r fac  
which i s  neut ra l ized  by t h e  exc i t a t ion  pulse.  

Two eFplanations are poss ib le  f o r  t h i s  behavior. 

.. -. - .. - - 

Calculated mob i l i t i e s  f o r  t h i s  compound are given i n  Table I. Much 
of the  evidence upon which t o  decide the  v a l i d i t y  of these  values  l ies 
i n  the  manner i n  which the  t r a n s i t  t i m e  o r  t h e  e f f e c t i v e  d r i f t  t i m e  v a r i e s  
with voltage.  I n  Fig. 30(b) t he  inverse  r e l a t i o n  which is  expected f o r  
t he  t r a p  f r e e  cases is observed 
near ly  l i n e a r  with appl ied vol tage  i n  Fig. 30(a).  Results f o r  a d i f f e r e n t  
c r y s t a l  which w a s  grown i n  t h i s  labora tory  are shown i n  Fig. 31. 
t h e  space charge l imi ted  current  is observed o r  a t  least t h e  cur ren t  

The height  of t h e  outp 

Here 

. -  
- Mobility measurmnents w e r e  made both 

r r a d i a t i o n  with CO-60 y-rays. The i r r a d i a t i o n  
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Figure 27. PLOT OF THE RELATION BETWEEN EFFECTIVE DRIFT 
TIME, t', AND THE CARRIER TRANSIT TIME, Ttr, 
NORMALIZED TO THE CARRIER LIFETIME, rn. 
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n 

0 
3 

TIME, MICROSECONDS 
a. BEFORE IRRADIATION 

Light Pulse 

TIME , MICROSECONDS 
b, AFTER IRRADIATION OF 0.5 MRAD 

Figure 28. TIME OF FLIGHT PHOTORESPONSE ALONG THE A-AXIS OF 
DIMETHYLTEREPHTHALATE. Applied voltage = 200 

v o l t s ,  R = 10 ohms. 5 
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TABLE I 

MEASURED CARRIER MOBILITIES IN MOLECULAR CRYSTALS 

Crystal Axis - 
Dimethylterephthalate a 

101 
C 

It0 101 

Dibenzoate Ester of 
Ethylene Glycol 

a 

Mylar Chip 

Mylar Film 

C 

Electron Hole 
Mob i 1 it y 

2 -1 -1 
Mob i 1 i t y 

2 -1 -1 0.8 cm V sec 

0.8 
3 

5 cm V sec 

15 - 70 10 

2 

0.7 

0.2 

L 

0 
3 

S-6128 

20 

10 

0 100 200 300 400 500 

TIME, MICROSECONDS 

Figure 29. INTEGRATED TRAMSIT TIME PULSE WITH TRAPPING FOR 
DIMETHYLTEREPHTHALATE. Applied voltage = 125, 7 400, 800 volts, R = 10 ohms, 5 days after irradia- 
tion of 12.4 Mrad. 
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4 

2 

0 100 200 300 400 

APPLIED VOLTAGE 
(a) PEAK OUTPUT VOLTAGE VERSUS APPLIED VOLTAGE 

12 

10 

0 100 200 300 400 

APPLIED VOLTAGE 
(b) INVERSE TRANSIT TIME VERSUS APPLIED VOLTAGE 

Figure 30. TIME OF FLIGHT MEASUREMENTS PARALLEL TO THE 101-AXIS OF 
DIMETHYLTEREPHTHALATE. 
A = .675*cm, L = 0.1 cm, R = lo5 ohms. 

T i n  oxide electrodes and xenon lamp, 
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10-1 

4 

2 

DM- 1 

4 
t 

-10 
3 2 4 -20 

APPLIED VOLTAGE, VOLTS 

Figure 3 1 .  PEAK OUTPUT VOLTAGE VERSUS APPLIED VOLTAGE FOR A-AXIS 
OF DHMETHYLTEREPHTHALATE. 
300 A s i lver  electrodes with s i l v e r  paste guard ring, 
thickness = 0.45 cm, area = 0,37 em2, R = 7 x lo5  ohms. 
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APPLIED VOLTAGE, VOLTS 

F i g u r e  3 2 .  INVERSE TRANSIT TIME VERSUS APPLIED VOLTAGE FOR A-AXIS OF 
DIMFJHYLTEREPHTUATE . 
300 A silver electrodes w i t h  s i lver paste  guard ring, 
thickness = 0.45 cm, area - 0 . 3 7  em2, R = 7 x l o5  ohms .  
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s of t h e  sample l d e r  of Fig, 10  and , 

l i t y .  Measur s were made a t  var ious 
times a f t e r  removal from t h e  f a c i l i t y  and a decrease i n  mobi l i ty  w 
observed which continued t o  decrease with t i m e  even though no addi  
i r r a d i a t i o n  was received. Changes i n  the  mobil i ty  as a func t ion  of dose 
received are shown i n  Fig. 33. 
t he  a-axis, the  t h r e e  poin ts  a t  12.4 Mrads show the  successive decrease 
i n  mobil i ty  with a t i m e  l apse  of several weeks between measurements. 
Variat ion of t h e  peak output vo l tage  with appl ied vol tage  f o r  t h i s  sample 
are shown i n  Fig. 34 using t h e  pulse  in t eg ra t ing  c i r c u i t r y .  The de- 
creasing s lope  of t h e  curve a t  800 v o l t s  may ind ica t e  t h a t  most of t he  
charge generated is  being co l lec ted  a t  t h i s  po in t ,  A p l o t  of t he  rec iproca l  
e f f e c t i v e  d r i f t  t i m e  versus applied vol tage  i s  shown i n  Fig. 35 and Fig. 
36. The t i m e  i n t e r v a l  between t h e  two measurements is approximately 2 
weeks. 

po in ts  where t1 is small compared t o  on should i n t e r s e c t  t he  1 a x i s  a t  

Tn 
f o r  t he  hole  l i f e t i m e  f o r  both cases. 
is lower, however, a t  t h e  la ter  t i m e .  

t h i s  sample w a s  5 x ohm cm . 

For t h e  sample designated S-6128 along 

As ind ica ted  i n  Fig. 27, ext rapola t ion  of the  curve based on 

t 

- as a rough approximation. This r e s u l t s  i n  an estimate of 600 usec 

The s lope  and thus t h e  mobil i ty  
The electrical conduct ivi ty  of 

-1 -1 

3.3.3 Mobility of Dibenzoate Ester of Ethylene Glycol (DEG) 

The hole  mobil i ty  along t h e  c-axis of DEG was measured using 
t h e  X-ray technique. 
t r a n s i t  t i m e  peak w a s  observed l imi ted  t h e  number of experimental observa- 
t i ons  but d e f i n i t e  motion of the  peak with vol tage  was observed as w e l l  
as an ind ica t ion  of f a i r l y  s t rong  po la r i za t ion  of t h e  i n t e r n a l  f i e l d .  
3500 v o l t s  t he  t r a n s i t  t i m e  increased from 145 psec t o  185 psec i n  22 
minutes. The sample dimensions were 0.9(L) x 0.2 x 0.06 c m  . The mobil i ty  

of 2 c m  V-' see 
i n  the  i n t e r n a l  f i e l d .  

The applied vol tage  required before  t h e  typ ica l  

A t  

3 
2 -1 i n  Table I may be low as a consequence of uncertainty 

The r e s u l t s  of measurements along t h e  a-axis are shown i n  Fig. 37 
using t i n  oxide e lec t rodes ,  
than quadra t ica l ly  with vol tage,  Although the  p l o t  of inverse  t r a n s i t  
t i m e  versus  appl ied vol tage  is inconclusive,  t h e r e  is probably a small 
trapping e f f ec t .  
of minutes, o r  not  present  along t h i s  axis. 

The peak photocurrent varies somewhat less 

Polar iza t ion  e f f e c t s  were e i t h e r  s t a b l e ,  on t h e  order 

After  a dose 

ements on PET 
l i t y ,  The dominant 
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e TO ioi-~x~s, s-5288 (X-RAY) 

2 4 6 8 10 12 
y - IRRADIATION DOSE, MRADS 

Figure 33. EFFECT OF y - IRRADIATION ON HOLE MOBILITY 
IN DIMETHYLTEREPHTHALATE. 
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VI 

\ 
4 6,000 

4,000 

2,000 

5-6128 

T = 600 usec 

1-1 -1 = 0.33 cm2 V-1 sec LJ -1 = 0.33 cm2 V-I sec 

I I 1 I I 
0 200 400 600 800 1000 

APPLIED VOLTAGE, VOLTS 

Figure 35. RECIPROCAL EFFECTIVE DRIFT TIME VERSUS APPLIED 

Measurement taken 5 days a f t e r  y - i r r ad ia t ion  of 
12.4 Mrad. 

VOLTAGE ALONG THE A-AXIS OF DIMETHYLTEREPHTHALATE. 
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ique  i n  Fig. 38 is 
estimate of t he  

In order  t o  shed some a d d i t i o n a l  l i g h t  upon t h e  PET system, some 
observat ions were made using Mylar chips.  
with the  X-ray pulse ,  a c h a r a c t e r i s t i c  peak w a s  observed which s h i f t e d  
with vol tage  i n  the  t i m e  of f l i g h t  manner. 

of silver p a i n t  w a s  0.32 cm . The thickness  (L) w a s  0.2 cm. Using t h e  
da t a  a t  3500 Volts ,  t h e  e l ec t ron  mobil i ty  w a s  ca l cu la t ed  t o  be  .21 

cm V sec . Addit ional  s tudy is  necessary i n  order  t o  c o r r e l a t e  these  
r e s u l t s  with the  drawn PET f i lm  samples. 

When these  chips  were i r r a d i a t e d  

The e l ec t rode  area c 
2 

2 -1 -1 

3 . 4  Pola r i za t ion  and Photoresponse 

Early i n  t h e  experimental program i t  w a s  evident t h a t  sample po la r i za t ion  
is  very complicated i n  PET. I n  order  t o  cha rac t e r i ze  t h i s  po la r i za t ion  

t i ve  pulse  of lar  

830 A of alumi 
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0 20 40 60 8C IOU 

TIME, MICROSECONDS 

a. OUTPUT VOLTAGE PULSE ACROSS lo5 OHMS. 

0 1 2 3 4 5 

TIME, MILLISECONDS 

b.  OUTPUT VOLTAGE PULSE ACROSS lo7 OHMS 

Figure 41. PHOTORESPONSE OF 1 MIL PET TO XENON FLASH LAMP. Applied 
voltage = -100 vol ts  to  front electrode, 300AO s i lver  on 
front electrode, 830AO Aluminum on back electrode, 
area = 3.88 cm2. 
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as a funct ion of t he  delay t i m e  a f t e r  vo l tage  is  appl ied is shown i n  
Fig. 42. 
po la r i ze  and t h e  observed output pu lse  i s  very s m a l l .  
t i o n  t i m e  increases ,  t h e  photo pulse  observed becomes very la rge .  
region of t h e  sample i n  which t h i s  e f f e c t  occurs was  d 
be less than 1 / 4  m i l .  By placing a 1 / 4  m i l  PET sample be 
and the  sample upon which the  vol tage  is appl ied,  t h e  pho 
w a s  reduced t o  a n e g l i g i b l e  value.  These experiments show c l e a r l y  t h e  
inf luence of e l ec t rode  material and environmental h i s t o r y  on t h e  polar iza-  
t i o n  and photoresponse of PET. 

For a very sho r t  delay t i m e  t he  sample has had l i t t l e  t i m e  t o  
A s  t h e  polar iza-  

The 

3.5 Charge Storage and Breakdown i n  I r r a d i a t e d  Inorganic Films 

Three types of d i e l e c t r i c s  i n  capac i tor  type s t r u c t u r e s  were fabr ica ted  
and i r r a d i a t e d  during t h i s  experiment. The MOS s t r u c t u r e s  t e s t ed  w e r e  
(1) s i l i c o n  dioxide,  (2) s i l i c o n  monoxide, and (3) aluminum oxide. The 
d i e l e c t r i c s  w e r e  deposited o r  grown on n and p type s i l i c o n  subs t r a t e s  

with a t h i n  aluminum e lec t rode  approximately 1000 A th i ck  through which 
the  e lec t ron  f l u x  penetrated.  
s i l i c o n  dioxide (Si0 ) thermally grown with steam i n  an oxidat ion furnace. 

These samples  had oxide thicknesses of 5000 and 15,000 A. 
typg s t r u c t u r e  w a s  prepared by vacuum deposi t ion of s i l i c o n  monoxide (SiO) 
while maintaining a subs t r a t e  temperature i n  excess of 15OOC. 
cooling t h e  samples w e r e  removed and placed i n  an oxidat ion furnace f o r  
5 minutes i n  an oxygen environment. Oxide thicknesses f o r  Si0 s t r u c t u r e s  

w e r e  5000 A and 15,000 A. 

f o r  t h e  d i e l e c t r i c  which w a s  py ro ly t i ca l ly  deposited with a 
temperature of 640OC. The deposi t ion required approximately 15 minutes 
f o r  an oxide thickness  of 2500 A. 
t h e  s i l i c o n  s u b s t r a t e s ,  t h e  samples w e r e  placed i n  a vacuum system f o r  

evaporating aluminum t o  approximately 1000 A t h i c k  f o r  t h e  top e lec t rode .  

0 

The f i r s t  MOS s t r u c t u r e  w a s  prepared using 

2 0 

The second 

After  

0 0 

The t h i r d  capaci tor  used aluminum oxide (A1203) 

s u b s t r a t e  

0 

After deposi t ing the  d i e l e c t r i c  on 

0 

Measurement of charge s torage  and de tec t ion  of spontaneous discharges 
w e r e  performed on capaci tors  with d i e l e c t r i c s  of Si0 

using monoenergetic e lec t rons .  Electron f lux  d e n s i t i e s  used i n  t h e  

i r r a d i a t i o n s  w e r e  l o9 ,  lo1', lo1', and 10 l2  e/cm During t h e  in- 
ves t iga t ion  the  capac i tors  w e r e  t e s t e d  a t  -142"C, 27OC, and 90°C.  For 
charge s to rage  measurement the  i r r a d i a t i o n s  w e r e  conducted a t  f luences 

i n  the  range between 10" and 10 e / c m  . Charge s to rage  measurements 
u t i l i z e d  e i t h e r  capacitance versus  vol tage  (C-V) o r  ex te rna l  charge 
t rausf  er technique. 

SiO, and A1203 2' 

2 sec. 

14 2 

Fluences ranged between 10l2 and 10l6  e /cm2  f o r  t h e  spontaneous 
discharge experiment. The lower values  of f luence correspond t o  the  
very lowelectron f l u x  dens i t i e s .  Electron energies  used f o r  t h e  
spontaneous discharge experiment had a range corresponding t o  a one- 
ha l f  thickness  f o r  each d i e l e c t r i c .  The measurement c i r c u i t  w a s  
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capable of de tec t ing  1 0  mV pulses ,  however, as a r e s u l t  of no ise  i n  
t h e  i r r a d i a t i o n  f a c i l i t y  due t o  beam curren t  f l uc tua t ions ,  and extraneous 
sources,  t he  discr iminat ion level was  approximately 30 m i l l i v o l t s  f o r  
t h e  measuring c i r c u i t .  The sample w a s  connected t o  t h e  input  of an 
electrometer .  
tance of t he  i r r a d i a t e d  sample determined the  decay t i m e  constant  of 
t he  discharge pulse.  
output t o  monitor t he  samples. This provides a d iscr imina t ion  technique 
whereby only those pulses  with the  proper decay t i m e  constant are counted. 

The input  impedance of t he  electrometer  and t h e  capaci- 

A s t r i p  cha r t  w a s  connected t o  t h e  electrometer  

I n  the  spontaneous discharge experiment t he  capac i tors  with Si0 and 
S i 0 2  d i e l e c t r i c s  were i r r a d i a t e d  with 5 and 10 KeV e l ec t rons  a t  t h ree  

temperatures. 

of 1014 e/cm2 except t he  i r r a d i a t i o n s  performed using e l ec t ron  f l u x  

d e n s i t i e s  less than l o l o  e/cm sec. 
S i 0 2  0.5 and 1 . 5 ~  th i ck  w e r e  8.8 and 2.2 nanofarads respec t ive ly .  
For the  samples of Si0 d i e l e c t r i c  thickness  of 0.5 and 1 . 5 ~  had t y p i c a l  
values  of capacitance of 15.1 and 6.2 nanofarads. 
i n  obtaining s a t i s f a c t o r y  l a r g e  area samples of A 1  0 

area w a s  reduced. 

t y p i c a l  capacitance value of 0.2 nanofarads. A 1  0 samples were 

i r r a d i a t e d  wi th  5 KeV e lec t rons  and received a f luence g rea t e r  than 

1014 e / c m  . Approximately t en  samples of S i O ,  S O 2 ,  and A 1  0 were 

i r r a d i a t e d  i n  attempts t o  induce spontaneous discharges.  No spontaneous 
discharges w e r e  detected i n  excess of the  discr iminat ion l e v e l  of 30 
m i l l i v o l t s .  

The s t r u c t u r e s  w e r e  exposed t o  f luence  l e v e l s  i n  excess 

2 Typical values  of capacitance f o r  

Due t o  d i f f i c u l t y  
t h e  e lec t rode  

d i e l e c t r i c s  had a 
2 3  

Capacitor s t r u c t u r e s  using Al 0 2 3  

2 3  

2 
2 3  

Samples of S i0  SiO,  and A 1  0 were i r r a d i a t e d  a t  5 and 10  Kev 

with e l ec t ron  f l u x  dens i t i e s  10 , ’l;”, 1Ol1,and 10l2  e/cm sec which 

yielded a f luence ranging between 10l2  and 6 x 1014 e/cm . 
w e r e  shorted during the  i r r a d i a t i o n  period and 30 seconds a f t e r  the  
exposure. The samples then were immediately connected t o  an e lec t ro-  
meter t o  observe t h e  ex te rna l  cur ren t  i n  the  c i r c u i t .  No measurable 
cur ren t  w a s  observed i n  the  ex te rna l  c i r c u i t  f o r  sample with d i e l e c t r i c s  
of Si02 and A1203. 

w e r e  i r r a d i a t e d  and cur ren t  w a s  observed as shown i n  Fig. 43. 

2 2’ 

2 The samples 

Samples wi th  evaporated S i0  f o r  t h e  d i e l e c t r i c  
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Figure 4 3 ,  SHORT CIRCUIT CURRENT IN 5000A FILM OF Si0 
AFTER ELECTRON IRRADIATION, 
Electro energy = 5 KW, beam current = 
5 x logo amps/cm2, irradiation time = 
240 sec. 

58 



SECTION I V  

STJMMARY AND CONCLUSIONS 

The formation of f r e e  r a d i c a l s  i n  PET ea 
exposure t o  y-rays o r  W l i g h t .  
increases ,  t h e r e  is  a simultaneous increase  i n  t h e  electrical 
conduct ivi ty  as w e l l  as t h e  o p t i c a l  absorpt ion c o e f f i c i e n t  near  31OOAO. 

observed. It is  postulated t h a t  t hese  r a d i c a l s  (I, 11, and 
d i r e c t l y  respons ib le  f o r  t h e  electrical and o p t i c a l  changes which were 
observed i n  PET. 
r a d i c a l  I1 concentrat ion and t h e  conduct ivi ty  under c e r t a i n  condi t ions 
subs tan t ia ted  t h i s  re la t ionship .  
a l s o  i n  agreement. 
d i f f e r e n t l y  each type must be analyzed separa te ly  according t o  i t s  
degree of c r y s t a l l i n i t y .  

A s  t h e  concentrat ion of 

Based on t h e  ana lys i s  of ESR s igna l s ,  t h r e e  d i  

The p a r a l l e l  behavior of t h e  decay k i n e t i c s  of 

The quenching e f f e c t s  of oxygen are 
Since d i f f e r e n t  types of PET samples behave 

Amorphous PET. - The amorphous samples are believed t o  contain 
r a d i c a l  I1 and 111. 
proportion of r a d i c a l  111 increases .  Af te r  an  i n i t i a l l y  rap id  r eac t ion  
t h e  decay of t h e  r a d i c a l  population conforms t o  second order k ine t i c s .  
An Arrhenius p l o t  of t he  logarithm of s p e c i f i c  rate versus  t h e  rec iproca l  
absdute temperature r e s u l t s  i n  two l i n e s  which i n t e r s e c t  a t  72OC. 
is  very c l o s e  t o  t h e  g l a s s  t r a n s i t i o n  temperature, T = 7OOC. The 

a c t i v a t i o n  energies  are 112 Kcal/mole above 72OC, and 25 Kcal/mole 
below 72OC. 
decay can be explained by long range movement of t h e  polymer molecules, 
even i n  t h e  glassy so l id .  

Upon heat ing t h e  r a d i c a l s  decay and t h e  relative 

This 

g 

Reference t o  r e p o r t s  i n  t h e  l i t e r a t u r e  suggest t h a t  t h i s  

The buildup of conduct ivi ty  i n  amorphous PET occurs as t h e  
r a d i c a l  concentrat ion increases .  
manner a t  low y-dose l e v e l s . )  
termination of y- i r rad ia t ion  conforms t o  second order  k i n e t i c s  
as does t h e  r a d i c a l  decay. 
y i e lds  an a c t i v a t i o n  energy of 101 Kcal/mole which compares w e l l  wi th  
t h e  r e s u l t s  f o r  r a d i c a l  decay. The conduct ivi ty  i n  amorphous samples 
is due pr imari ly  t o  r a d i c a l  11. 

(Not i n  a d i r e c t l y  proport ional  
The decrease i n  conduct ivi ty  a f t e r  

An Arrhenius p l o t  of t h e  s p e c i f i c  rate 

. - The c r y s t a l l i n i t y  of these  samples is 
about 50%. 
or ien ted  sample follows f i r s t  order  k ine t i c s .  
temperatures as l o w  as l l O ° C  (The melting poin t  is  about 255OC) it  seems 
t h a t  decay by normal physical  movement is unl ikely.  Chemical 

The decay of r a d i c a l  I i n  t h e  c r y s t a l l i n e  regions of a n  
A s  t h e  decay occurs a t  
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migration of f r e e  r a d i c a l  sites by hydrogen atom hopping is a more 
reasonab l e  explanation. 

Radical buildup i n  b i a x i a l l y  o r i en ted  PET as observed from ESR 
spec t r a  follows very c lose ly  the  conductivity buildup observed i n  a 
similar sample under gamma i r r a d i a t i o n .  
conforms t o  f i r s t  order  k ine t i c s .  
i n  agreement with t h e  r e s u l t s  f o r  r a d i c a l  decay although comparison 
under i d e n t i c a l  condi t ions has not  been achieved, 

The decay of conduct ivi ty  
The s p e c i f i c  rate constant  i e  not  

Crys t a l l i ne  PET. - Samples of about 70% c r y s t a l l i n i t y  e x h i b i t  
a t o t a l  y-induced r a d i c a l  concentrat ion about t h e  same as amorphous 
samples but  composed pr imari ly  of r a d i c a l s  I and 111. 
k i n e t i c s  i n  t h i s  case are not  simple. 
be present  i n  both t h e  amorphous as w e l l  as p a r t i a l l y  c r y s t a l l i n e  
samples was not  cor re la ted  t o  any s p e c i f i c  electrical proper t ies ;  
however, s i n c e  i ts  presence ind ica t e s  a c e r t a i n  chemical memory, some 
of t he  i r r e g u l a r i t i e s  which are o f t en  observed i n  electrical p rope r t i e s  
of PET could w e l l  be associated with the  previous h i s to ry  of t h e  sample 
and the  concentrat ion of r a d i c a l  111. 

Radical decay 
Radical I11 which was found t o  

Oxygen Quenching, - The presence of oxygen rap id ly  decreases the  
r a d i a t i o n  induced r a d i c a l  concentrat ion i n  PET. That these  r ad ica l s  
are the  b a s i s  of electrical conduct ivi ty  and o p t i c a l  absorbance is  
supported by the  concurrent behavior of these  two phenomena. Oxygen 

causes the  absorpt ion spec t r a  near  3100 A t o  decrease although i t  
never r e tu rns  t o  i t s  previous value before  i r r a d i a t i o n .  

0 

The electrical conduct ivi ty  of an i r r a d i a t e d  sample is d r a s t i c a l l y  
reduced upon access t o  oxygen. Greater than 3 orders  of magnitude 
reduction i n  conduct ivi ty  is  observed a f t e r  exposure f o r  about one 
minute. 

E lec t ronic  Measurements. - Pola r i za t ion  was a dominant parameter 
i n  the  i n t e r p r e t a t i o n  of t he  e l ec t ron ic  measurements. 
i n  p a r t i c u l a r  as a v a r i e t y  of contac ts  w a s  appl ied t o  PET f i lm,  
P a r t i c u l a r  aspec ts  of po la r i za t ion  which were observed included (1) a 
reduction of po la r i za t ion  i n  a gamma f i e l d ,  (2) a photoresponse 
comparable i n  e f f e c t  t o  photo-depolarization, (3) reduction of photo- 
s e n s i t i v i t y  by previous r ad ia t ion  h i s to ry ,  (4) a reduct ion of observed 
mobili ty i n  molecular c r y s t a l s ,  and (5) v a r i a t i o n  of observed photo- 
response as a func on of e l ec t rode  material. 
of PET was measure using two d i f f e r e n t  techniques, one a time-of-flight 
measurement and t h e  o the r  an i n t e g r a t i n g  technique, 

r e su l t ed  i n  a value of 
value carries a low degree of confidence due t o  the  many occasions i n  
which no usable  da ta  could be obtained. I n  t h i s  case, ueable r e f e r s  
to the  proper variance with vol tage  of t he  transit time and the  photo- 
peak. Both e l ec t ron  and hole  mob i l i t i e s  were observed i n  t h e  molecular 
c r y s t a l s  of t h e  dibenzoate of ethyleneglycol and dimethylterephthalate.  

This was t r u e  

The electron mobil i ty  

Both techniques 

I7-lsec-l. A t  t h e  present  t i m e  t h i s  
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2 The mob i l i t i e s  ranged from 10 t o  .2 cm /Vsec depending upon the  c r y s t a l  
o r i en ta t ion .  One of t h e  primary purposes f o r  measuring the  mobil i ty  is  
t h e  usefulness  of t h i s  parameter i n  specifying electrical conduct ivi ty  
and i n  the  p o s s i b i l i t y  of measuring t h i s  parameter before  and a f t e r  a 
per iod of gamma i r r a d i a t i o n .  
i n  a l a r g e  reduct ion i n  t h e  observed mobili ty.  
order  of 25 t o  50% f o r  doses of around 10 Mrads. The f u l l  e f f e c t  of 
r ad ia t ion  w a s  sometimes delayed several weeks after the  per iod of 
rad ia t ion .  The r e s u l t s  were obtained i n  an a i r  environment. Ind ica t ions  
of l a r g e  changes which depend on t he  environment were observed. 

It w a s  found t h a t  gamma i r r a d i a t i o n  r e su l t ed  
Reductions w e r e  on the  

Attempts t o  measure charge release cur ren ts  i n  o the r  d i e l e c t r i c s  
included s i l i c o n  dioxide,  s i l i c o n  monoxide, and A1,0,. Under f luences 

L J  2 ranging between 10l2  and 1014 e/cm , only the  s i l i c o n  monoxide exhib i ted  
any observable cur ren t .  
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